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Abstract 
This paper presents a design of bio-inspired sensor for strain sensing application. The sensor will be used as embedded strain sensor to 
monitor and detect the strain deformation on the surrounding structure. The sensor is inspired from campaniform sensillum, a highly 
sensitive strain sensor found in insects. It consists of unique geometry parts that are sensitive to very small strain deformation from its 
surrounding. To investigate the relevant roles of structural features found in this campaniform sensillum-inspired strain sensor, four 
different structures were simulated: chip block structure, chip with through hole, chip block equipped with flat membrane-in-recess and 
chip block equipped with dome shape membrane. The mechanical behaviors are studied using ABAQUS finite element analysis. Sensor 
parameter such as structure indentation or displacement was simulated by compressing and stretching the structure axially in order to 
obtain its strain amplification characteristic. 
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ε strain 
σ   stress (Pa) 
1. Introduction 
Automatic operation, control and robotic systems have become some of the most interesting fields in engineering.  
Robotic systems are expected to carry out specific tasks in a particular environment without human intervention and control. 
This type of automatic operations requires high efficiency and agility. For example, in the navigational function of an 
autonomous robot, the robotic system will collect information related to the path and obstacles on its surrounding before 
marking the direction towards the destination [1]. However, efficient utilization of environmental physical parameters is 
often limited by the inaccuracy of the received signal. Highly noisy signal would reduce the apparent overall sensor 
sensitivity [2]. This becomes more obvious as the size of the system gets smaller, e.g. in miniaturized medical robots or 
instruments. 
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Hence, nature can be a source of inspirations for finding the solution of such problem. Many exceptional sensors are 
found in nature, having special geometry and mechanical features that can be used as a model for smart mechanical sensor 
design. An example of such sensor is campaniform sensillum (fig. 1a), a highly sensitive sensor that measures strain 
deformation on insect cuticle like fly and cockroach [3]. It is basically a proprioception device used to sense the strain in 
insect’s internal state, caused by mechanical stimuli from the surrounding, as well as by muscle retraction and contraction in 
leg joint, wing and other moveable body parts of insect. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Campaniform sensillum of insect and its mimetic structure: (a) scanning electron microscopy image of a campaniform sensillum in fly’s haltere with 
bar scale equals 2μm, (b) a cross-sectional schematic illustration of campaniform sensillum, (c) dome-shape membrane as the biomimetic structure 
 
Campaniform sensillum has a size of 6-20 μm and embedded in the exocuticle structure [4]. It consists of five separated 
parts  (1) Cuticle cap in dome shape membrane; (2) cuticular collar around the cuticular hole; (3) joint membrane that link 
cap with collar; (4) socket septum; and (5) spongy cuticle placed between socket septum and cap. All these parts are 
combined together and suspended in a cuticular hole (fig. 1b). Together they function to couple strain signal stimuli from 
the surrounding cuticle into the sensory neuron innervated just beneath the cap, in the middle of the socket septum (fig. 1b). 
In conventional robotic systems application, the use of strain gauge as tactile sensor is well known to sense force stimuli 
[5]. Strain gauge is used by attaching it onto the surface of interest. Both parts deform together at the same rate due to 
incoming mechanical stimuli. However, in order to capture real strain result, strain rosette layout is usually implemented to 
increase sensitivity and to resolve axial and bending strain [6]. In the case of campaniform sensillum, individual sensors are 
triggered according to the cap orientations which are arranged in either perpendicular or parallel direction relative to insect 
tibial axis [7]. Therefore, one of insect strain sensor will react nominally to compressive stress, while the other one react to 
tensile stress. The same situation also happens to bending problem. But, since torques act on the containing structure, the 
resulted stress excites both of these sensors. 
The geometrical concept of campaniform sensillum can be mimicked as a dome shape membrane suspended in a through 
hole, as reported by Wicaksono et al. [8, 9]. The maximum strain is associated to the maximum stress, due to the presence 
of hole on the structure. This is one of the important concepts of novel structural features in this sensor used to amplify the 
deformation [10]. By applying this concept of mimetic structure on certain parts of a robot, e.g. on its finger or into the body 
frame, global deformation could be localized around the hole opening as concentrated strain and then be further transduced 
by the membrane into vertical displacement before proceeding to post-processing process. The aim of this research is to 
investigate the strain amplifying and transducing mechanism of this novel sensor in the signal’s mechanical domain using 
finite element method (FEM). 
2. Method 
2.1. Structural Design 
Figure 2 shows four structures having different features to be assessed using FEM, in order to investigate their 
mechanical sensing characteristics under tensile and compressive stress. 
There are several features that were investigated in this study which may influence the strain detection property, as 
illustrated in figure 2. Four structures are evaluated in order to investigate the bio-inspired sensor: (a) Square chip block, (b) 
Square chip block with trough hole, (c) chip block equipped with flat membrane-in-recess  and (d) chip block equipped with 
dome-shape membrane. The dimension of the chip for all the four structures is 3 mm wide, 3 mm long and 0.5 mm 
thickness. Hole with a diameter of 0.5 mm is specified along the study (fig. 2b-2d), while membrane thickness is set to be 
500nm. (fig. 2c and fig. 2d). The depth of both flat and dome shape membrane were set 0.01 mm from upper surface while 
dome shape with apex height of 0.01 mm (fig. 2d) is selected as the sensor feature that would transduce the horizontal strain 
stimuli into vertical displacement output. 
(a) (b) (c) 
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Fig. 2. A variety of sensor design for biomimetic structure: (a) block chip, (b) through hole, (c) flat membrane-in-recess, (d) dome-shape membrane-in-
recess. 
2.2. Finite Element Modelling 
Finite element modeling was conducted using ABAQUS software program. The configuration to evaluate mechanical 
behavior for sensing application is shown in figure 3. Two loads having the same magnitude were applied on the two side 
edges at the opposite direction. The other two sides were constrained on the z axis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Schematic illustration of the finite element configuration 
 
The novel bio-inspired sensor is proposed to be embedded into a structure. Thus, global strain deformation that occurs 
due to certain environmental disturbance will act uniformly along the sensor thickness. This can avoid the formation of 
stress gradient that can lead to structure bending problems. 
Figure 4 shows all the model structures after meshing. Basically meshing was done by assigning two different sizes along 
the important edges according to the geometry. For the model (b) until (d) in figure 4, 0.02 mm element size was used at the 
hole opening part, growing in size to 0.2 mm element at the edge. However, the model (a) in figure 4 only used 0.2 mm 
element size due to its simple geometry. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Four finite element model structures: (a) Chip block, (b) Chip block with trough hole, (c) Chip block equipped with flat membrane, (d) Chip block 
equipped with dome shape membrane. (e) and (f) show the cross section of (c) and (d), respectively. 
 
(a) 
(c) (d) 
(b) 
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These four models were assigned as silicon Si with 180 GPa Young's modulus and a Poisson ratio of 0.28. Tetra mesh 
element (C3D4 type of element according to ABAQUS) was applied to all the structure models for consistency along the 
study. Due to the variation of structure geometry, the number of elements vary from 675 elements for chip block structure, 
45,623 elements for chip block with trough hole, 50,626 element  for chip block equipped with flat membrane and 49,105 
elements for chip block equipped with dome shape membrane. 
3. Results and Discussion 
The strain sensing property in three-dimensional space was investigated using ABAQUS finite element analysis. Vertical 
displacement for the four structure models was obtained as a function of applied strain from both opposite sides as 
illustrated in figure 3. 
Each of the structure has been stimulated with the same uniform pressure to form the corresponding strain, varies from 1 
μstrain until 6 μstrain by referring to the length size of the model (i.e. 3 mm). The indentation of the apex from each 
respective structure is shown in figure 5. Bio-inspired model structure with dome shape membrane reveals largest 
indentation compare to the other structures. In a plate, stress is spread uniformly, and under the effect of Poisson ratio, it 
tends to expand upward or contract downward perpendicular to the load direction. The same thing happens to the model 
with a hole. However, since the distribution of stress is disturbed that stress is concentrated around the hole, the indentation 
value increases slightly. In the case of flat membrane, indentation mostly happen due to Poisson ratio after the stress is 
further concentrated by the thinning of vertical surface area. The indentation, hence, is slightly higher than the chip and 
through-hole structures. If the stress in the membrane passes some critical value, the flat membrane is expected to buckle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Comparison of indentation between four model structures under compressive stress and tensile stress 
 
The distribution of the vertical displacement in y-axis for the dome shape membrane structure is shown in figure 6 and 
figure 7 for compressive and tensile load, respectively. The vertical displacement in y-axis expands upward from the lower 
part surface up until the top part surface when the structure is compressed (fig. 6). While in figure 7, the the membrane is 
vertically displaced to the opposite direction, i.e. downward, under tensile load. The combination of through hole and dome 
shape membrane on the structure causes the displacement of the apex in vertical direction, increases up until 600% 
compared to the other models. 
One of the hole's special function is to mechanically amplify the strain deformation that may arise from environmental 
stimuli. The resultant stress from applied surface will propagate and concentrate around the hole opening since a hole acts as 
a stress collector. At the same time, the associated strain distorts the hole by axially contracts or expands its shape 
depending on the load direction. The horizontal deformation of hole is further amplified and transduced by the dome shape 
membrane. Comparing the dome shape membrane with the flat membrane in term of the maximum critical pressure, Pcr, 
required to bend the membrane, the dome shape membrane has lower Pcr. This post-buckling structure condition can be 
used to explain its higher sensitivity response compared to the other models. When perturbation, in the form of geometry 
imperfection, is introduced, the structure stability is then reduced. This effect gives is advantageous, since the structure then 
can have a better sensing mechanism for providing valuable mechanical information from its surrounding. 
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In addition, the dome shape membrane has two types of apex movements under different loading: upward and downward 
movements. In order to read the mechanical signal movement and convert it into electronic signal, capacitive sensor can be 
attached to the membrane. As the membrane shape deforms, the sensor capacitance would vary by the increase or decrease 
of the gap size between the capacitor’s two conductor plates. The electrical field on the surface plate will also be altered. As 
a result the amount of current necessary to maintain constant voltage could be measured and processed by specific circuits 
to represent the strain deformation value. Based on this concept, the best possible position to place capacitive sensor is at the 
middle of the hole where one conductive plate is attached to the lower part of the apex membrane, and another one is fixed 
underneath the membrane to capture the changes of the gap size. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Distribution of displacement in y-axis in chip equipped with bio-inspired dome shape membrane model structure under compresive load. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Distribution of displacement in y-axis in chip equipped with bio-inspired dome shape membrane model structure under tensile load 
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4. Conclusion 
In this study, four model structures for strain sensing inspired from insect’s biological sensor have been studied. The 
structures vary from simplest chip block to the structure with additional hole and membrane. The study has been carried out 
using finite element analysis. The results indicate that, under compressive stress and tensile stress, the strain deformation 
can be amplified by introducing thin dome shape membrane suspended in a hole. Structure indentation is higher for dome 
shape membrane since the hole concentrates the strain around its opening which will be further transduced and amplified 
into vertical displacement. 
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